Medical waste constitutes one of the waste streams that should be dealt with special priority due to its potential negative impact on public health and on the environment. Incineration is a process that is widely used for the treatment of medical waste. However, self-supporting combustion of medical waste cannot avoid releasing many hazardous pollutants into our environment. The most favored solutions are firing additional fuels of high calorific value and direct purification by air pollution control devices (APCD). This process entails not only large first time investment but also an increase in the operation cost. A novel incinerator is proposed for better utilization of energy of the incineration process. Its originality is essentially due to combining a feeder, a rotary grate, a cylindrical gasifier and a "coaxial" secondary combustion chamber into a unique unit. The structure of the incinerator as well as the principle of the incineration process is presented in this paper. A full-scale trial of the novel incinerator with APCD was carried out from March to May 2008 to investigate how the distinct configuration influenced the incineration process. Data on PM, CO, NO X , O 2 were recorded by a continuous emission monitoring system during the study period. Heavy metals and PCCD/Fs were also sampled and measured. Measuring results were compared with the China and U.S. EPA guidelines. The concentrations of contaminants were below their respective limits in emission control standards. Results from testing the novel medical waste incinerator confirmed that this technology has a good suitability for neutralization of medical wastes and purification of flue gases.
Introduction
Medical waste is defined as any solid waste that is generated in the diagnosis, treatment or immunization of human beings or animals, in related research, biological production or testing. The hazards to the human health and to the environment, posed by medical waste, justify a high level of concern with its management [1] . Worldwide, the management of medical waste has received much attention since the early 1980s mainly due to its toxicity and infectious nature [2] [3] [4] [5] [6] .
Around 3100 thousand sickbeds are scrapped in China, representing about 650 thousand tons of medical waste each year. Comparable amounts are amassed in east, middle and south China. Medical waste is becoming problematic as its volume is progressively increasing. This will continue to be an on going phenomenon as long as China civilization persists. Unfortunately, the effective disposal instruments are rather imperfect. Most of medical waste in China is treated in makeshift combustion devices or dumped together with normal domestic wastes, generating significant envi-ronmental disturbances with potential dangerous situations and infectious residues. Chinese government attempted to control the management of medical waste through two China Commission Directives: (1) the hazardous waste landfill standard (2001) [7] that banned the landfilling of medical waste; (2) the medical waste management statute (2003) [8] that stipulated that collected medical waste must be transferred to the appointed area for final disposal. 2.2 billion U.S. dollars (15 billion RMB) have been invested to construct 31 hazardous waste and 300 medical waste central disposal plants since 2005 [9] .
The principal available methods for disposal of medical waste are autoclaves, retorts, microwave disinfection systems, chemical disinfection and incineration [10] . Among these mentioned techniques, incineration and disposal of the resultant ash by landfilling is the priority disposal method for medical waste. Incineration has been proved as the most technically and economically feasible alternative particularly in developing countries [11, 12] . Advantages can be found from reduction in waste volume, destruction of pathogens and transformation of waste in the form of ash [13] . In addition, incineration can treat wide types of medical waste: (1) cultures; (2) items contaminated with blood, liquid human and animal wastes; (3) residues from surgery and from isolation wards; (4) and other similar materials. However, hazardous substances such as mercury, radioactive and other hazardous chemical wastes cannot be treated with incineration [11] . On the other hand, the incineration of medical waste is known to be associated with the emission of pollutants and this might limit use of the technology. In developed countries, medical waste incinerators (MWI) were considered as possible significant emission sources especially for PCDD/Fs [14] . Experiences and trials in South Africa also showed that the lowcost incinerators were unsuitable to treat medical waste for high emission loads [15] . Pyrolysis and gasification have been widely studied for years [16] [17] [18] . This thermal process seems to be an alternative to direct combustion process because, as it is shown in this paper, the minimum carry over of particulates and less hazardous emissions lead to a low impact on the environment. Hot gases leaving a gasifier contain a substantial concentration of carbon monoxide, hydrogen, hydrocarbons, etc., which can be used to provide the energy requirements of the pyrolysis process, contributing to design a costeffective and integrated process. Therefore, the temperature in the gasifier can be self-maintained due to partial combustion of medical waste and heat transfer from the secondary combustion chamber (SCC).
In the present work, a novel integral type MWI has been studied. The originality of the MWI is essentially due to combining a feeder, a rotary grate, a cylindrical gasifier and a "coaxial" SCC into a unique unit. The following objectives have been proposed: (1) To obtain information about the running conditions, emissions and ashes of the MWI thermal disposal at maximum feeding rates; (2) To compare the results obtained from the MWI runs in the experiments with existing environmental guidelines; and (3) To investigate the technological feasibility of the novel MWI plant. This paper commences with the analysis of local medical waste components and the design of the novel MWI. Then, the methods of experiment and measurement for the incineration plant are presented. The next section discusses the results from the measurement and compares them with China and U.S. EPA guidelines [8] as the technical process viability depends on the emissions level fulfillment.
Materials and methods

Medical waste characteristics
Information and data on the composition of medical waste are important in the operation of thermal disposal facilities. The major components of medical waste in Xiangfan (2007) are plastic, rubber, cotton and paper products, representing around 34%, 27%, 25% and 12%, respectively. Other minor components include food (1.4%), metals (0.3%) and glass (0.3%) and the average moisture content for medical waste is 34.13%. Information on the chemical composition of the components that constitute medical waste is important in evaluating alternative thermal processing options. The feasibility of combustion depends on the combustible composition of medical waste. The ultimate analysis of waste component typically involves the determination of the percent of carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulfur (S). The average chemical compositions of combustible component of medical waste are shown in Table 1 . The major elements are carbon (51.45%) and oxygen (40.27%). Other elements include hydrogen (6.73%), nitrogen (0.77%) and sulfur (0.08%). After estimating the elemental composition of medical waste, the energy content of medical waste is determined by using a laboratory bomb calorimeter based on the elemental compositions of medical waste. Typical energy content of medical waste is estimated and shown in Table 1 .
Incineration plant description
The incineration plant was located in Xiangfan city Hubei province, owned and managed by ZhongYou Environmental Protection Inc. This incineration plant was established in 2007 with a total area of 9670 m 2 . The plant was designed to incinerate 8 tons of medical waste per day since Xiangfan city generated about 7.5 tons of medical waste daily.
A feeding system for processing medical waste into refuse derived fuels suitable for the pyrolysis and combustion is needed before feeding medical waste into the gasifier. Two parts (primary feeder and auxiliary feeder) form the feeding system, in which medical wastes are mixed, grinded, compacted and preheated. Fig. 1 gives the details of the feeding system. Fig. 2 gives the major furnace components. The primary feeder consists of a charge hopper (A in Fig. 1 ), an access slide board (B in Fig. 1 ), a vertical bin (C in Fig. 1 ) and a reciprocating propeller (D in Fig. 1 ). Medical waste is automatically batch-fed into the gasifier (D in Fig. 2 ). The secondary feeder (E in Fig. 1 , E in Fig. 2 ) is mounted in the center of the vertical gasifier. It includes two layers of shredder employing waste compacting and tumbling principles. Each layer of shredder is made up of the four pointed steel screws in line. With the rotation movement of the screws, medical wastes are mixed, shredded and continuously transported down until they impinge into the pyrolysis and partial combustion zone at the bottom of the gasifier. Drying process is a key factor for detailed effect of the thermal disposal facility as medical waste may have maximum moisture content of 50%. This process is guaranteed by the secondary feeder installed inside the gasifier. The medical waste bed can be formed on the screws and exposed to the radiation and hot gas from the underneath. The temperature of this zone is kept at 300-400 • C to fulfill the drying process.
A vertical cylinder type reactor operating below atmospheric pressure is used as a gasifier. Its height is 6 m with an inner diameter of 1.2 m. The chamber's wall is made of refractory concrete and radiation bricks for stable heat radiation flux during incineration. Medical wastes, pyrolysates and bottom ashes slowly tumble with the rotation of the grate (I in Fig. 2 ) mounted at the bottom of the gasifier. The combustion rate is controlled by the quantity of the primary air supplied from the underneath. A partial combustion of medical waste takes place at substoichiometric condition generating a burned-out ash in the bottom zone of the chamber. The temperature in the bottom zone of the gasifier is kept at 800-900 • C in order to ensure the bottom ash remains as solid and does not melt.
Hot gas from the gasifier is fed to the SCC (H in Fig. 2 ) mixing with the secondary air for final combustion. The SCC has a distinct cylinder configuration, we call it "coaxial" structure, as it surrounds the gasifier with the same vertical axis. No pipeline is needed for connection with the gasifier in this case. Considerable advantage of this design is small heat losses, which has been proven in other thermal treatment process [19] . A well-known engineering design, "U"-shaped combustion channels (J in Fig. 2 ), is employed in the SCC to increase gas turbulence and residence time in the high temperature region [20] . Auxiliary fuel is supplied only when the incinerator is start, shut down and the temperature of the SCC is lower than 900 • C.
Flue gas cleaning is performed by a bag filter and a two-stage wet scrubber, in line with a quenching tower for restraining organics (mainly PCDD/Fs) conversion. Glass fiber (0.3 m pore size) is used as the filter material of the baghouse. Activated carbon (150 g/h) is injected in the gas stream before the fabric filter to remove heavy metals. The incineration facility is integrated with a wastewater treatment system for all the liquid effluents and scrubber blowdowns, and with a stabilization/solidification unit for the inertisation of fly ash and sludge residues with a cement-based mixture. Pollution control pathways are presented in detail in Fig. 3. 
Experimental
A 2-month period for demonstration of suitability of the MWI was allowed before giving final permission for operation. Sampling and analyzing procedures were performed by the National Environmental Protection Institute. Shielded Type K thermocouples were placed at the middle of the gasifier and the bottom of the SCC. Particle concentration measuring was performed by the reflected infrared method and conducted with the incineration plant's own automatic, continuous analyzing system. The gas concentrations of CO 2 , CO, O 2 , NO X , SO 2 in the inlet of the stack were also measured continuously by the incineration plant's own monitoring system (FTIR-MGS300 JCT, Austria). The data of those measured air pollutants were automatically calculated and recorded in mg/m 3 for 11% volume of O 2 . The concentration range for CO, SO X was 0-300 mg/m 3 , NO X was 0-400 mg/m 3 . Its accuracy and relative standard deviation were 3% and 0.5%. Several verification tests of the online monitoring system were carried out before our experiment to avoid measurement errors.
To measure other emission pollutants, an isokinetic probe was inserted to the centre of the stack. Gas sampling was performed by the filter-cooler method and conducted with an automatic, continuous adjusting sampling pump.
After cooling and particulate matter collection, the sampling gas passed through an aqueous solution of sodium hydroxide for HCl and HF. The analyses were conducted by colorimetry using mercuric thiocyanate and ion selective electrode methods, respectively. It was impossible to perform pollutants measurement accurately in a unique experiment. Therefore, a series of five experiments was performed in order to reduce the experimental error. The concentrations of emissions were determined on average value of each sample.
Metal concentrations in the gas and ash, either in particulate matter or in the gas phase, were estimated according to standard procedures. An aqueous acidic solution of hydrogen peroxide was used to absorb metals. The recovered samples were digested in 10 ml of (1:4) HCl and 4 ml of (1:1) nitric acid (HNO 3 ) followed by heating at 85 • C for 30 min. Digested samples were filtered by filter paper and made up to 100 ml volume [21] . The metal concentrations were determined with the help of emission spectrometer ICP-AES (Thermo Jarrell Ash). The detection limit of Cd, Cr, Cu, and Zn was 0.001 mg/l, Hg was 0.0001 mg/l, As was 0.0002 mg/l, Ni was 0.005 mg/l, Pb was 0.003 mg/l.
The PCDD/Fs sampling, cleanup, quantification and analysis were conducted in accordance with the Chinese standard [22] . Sample was quantified by HRGC/HRMS, using a HP 6890 plus gas chromatograph coupled to a mass spectrometer (Micromass AutoSpec Ultina) operating in EI mode at 35 eV and with a resolution greater than 10,000. The recovery rates of the standards after extraction and cleanup procedures were between 65% and 80%. The quality control measurement was described previously [23] .
All pollutant concentrations were converted to dry standard conditions (273 K and 101.3 kPa) referred to 11% O 2 in flue gas. The calculations were based on the measuring of flue gas flow rates and respective pollutant concentrations.
Results and discussion
Operational results
The running conditions of the novel MWI are summarized in Table 2 . Medical waste has heterogeneous characteristic and this heterogeneity can be observed in the MWI runs. Table 2 shows an important gap between settings and actual temperature in some cases, which indicates a unstable pyrolysis and incineration process. The temperature in the gasifier was set at 700 • C, while the maximum temperature in the gasifier was 913 • C. As the decomposition of the organic matter is normally total at these high temperatures, it is considered that this anomaly could be due to: (a) the fluctuation of components in medical waste especially moisture content which may lead to different delayed time of raw waste ignition, and (b) the excessive air ratio present in the gasifier which may lead to excessive burning of the pyrolysate. Similar phenomenon was observed in the SCC. The settings and actual minimum temperatures were 1000 • C and 860 • C, respectively. Because (a) the excessive combustion in the gasifier makes the lack of fuel and decline in heat release in the SCC. And (b) the secondary air absorbing excess heat in the SCC makes temperature further departure from the settings. Generally, auxiliary fuel is needed incessantly in the conventional two-staged MWI [2] in order to keep the temperature at the guideline limits. However, in our study, the integrative MWI reduces the heat losses effectively. Heat loss in the duct is eliminated as there is no duct between the gasifier and the SCC. More heat is directly carried to the SCC by the combustible gas. The coaxial combustion chamber enhances the heat transfer between the gasifier and the SCC due to the integrative design. The heat emitted from the combustion of combustible can keep the high temperature in the SCC without addition of the auxiliary fuel. Despite of waste heat value fluctuations, the temperature of the SCC has been kept higher than 850 • C which is the limit set by Chinese EPA. Large quantity of auxiliary fuel combustion is also one of the significant reasons for emission pollutants especially for MWI without APCD [11, 24] . In this incinerator, supplementary fuel is only needed at start up or when the temperature of the SCC is lower than the limit (900 • C). Therefore, it is possible to conclude the amount of pollutants emitted to the atmosphere is only responsible by the amount of incinerated medical wastes. Table 3 gives the features of the sampling port in the inlet of the stack. Fig. 4(a-d) shows the concentrations of PM, SO 2 , CO and NO X about 2 h in the inlet of stack. The fluctuated curves can be observed for all the runs due to heterogeneity and volatile components in medical waste. In this period of time, the amount of emission CO is in a range of 8-74 mg/m 3 with an average of 29 mg/m 3 . The concentration of NO X is in a range of 58-93 mg/m 3 with an average of 65 mg/m 3 . The SO 2 concentration in the flue gas is in a range of 0-9.3 mg/m 3 . Table 4 shows the measuring results of HF and HCl. The maximum air pollutant levels in the inlet of the stack are summarized in Table 5 . Chinese and U.S. EPA limits for each component are listed in the Table 5 . As shown in the Table, the measured pollu- Table 3 Flue gas features in sampling port. tants belong generally to the concentration range set by China and U.S. EPA. Table 5 shows PM level is at least a factor 2.5 below the Chinese guideline. Low PM emission is one of the major advantages for the pyrolysis-gasifying incineration process. The primary air supply is only 50% of the stoichiometric requirement for complete combustion in the gasifier, so the gas turbulence could not carry over a large amount of PM. The excess air ratio is only 20%, which is far below the excess air ration for a rotary kiln system (50-100%). The low excess air ratio reduces average flue as velocities that, in turn, reduces particle entrainment in the flue gas stream. Effective removal of fine particles is obtained in the bag filter. Subsequently, toxic metals and organic compounds adsorbed onto the PM are well controlled. Low NO X concentration is another advantage for this integrative MWI. As well known, this pollutant is formed during combustion by the oxidation of nitrogen in the waste and the fixation of atmospheric nitrogen. Conversion of nitrogen in the waste usually occurs at relatively low temperatures (<1000 • C), whereas fixation of atmospheric nitrogen occurs at higher temperatures [20] . 70-80% of the NO X is associated with nitrogen in the waste since the gasifier operates at relatively low temperatures [25] . Low O 2 levels have an inhibitive effect on the NO X formation. Liu and Ma [9] studied NO X formation on a two-stage hospital incinerators. The air-starved process gradually became similar with the conventional mass burning process when the air supply increased in the primary chamber. The NO X concentration in the flue gas increased from 63 mg/m 3 to 193.2 mg/m 3 .
Traditional air pollutants
The low CO level is attributed to high combustion temperature (over 850 • C). Because the combustible gas from the gasifier is incinerated completely with the secondary air containing rich oxygen. Good combustion practice (maximization of in-furnace destruction of trace organics) is accomplished by optimizing waste feeding pro- cedures, achieving adequate combustion temperatures, providing the proper amount and distribution of the combustion air, and optimizing the mixing process. A failure in any one of these components will be accompanied by increases in flue gas CO concentrations [20] . Therefore, CO levels represent the best available estimate of environmentally satisfactory operation for the incineration process. The conventional two-stage incineration system [2] is intermittently operated in a batch way so that the pyrolysis is not conducted in a stable and optimum way. Jangsawang et al. [24] reported that the batch size had a significant impact on the CO emission. Larger batch size needed more heat delivered to the raw waste and take more time to reach the preheating temperature. When the waste was heated to the volatilization temperature, the high rate of generated gas encountered the "bottleneck effect" due to the fixed SCC volume, and the conversion of the CO to CO 2 was constrained, giving rise to high CO concentration at the SCC exit. The same result was found in Antal Halasz's study [26] . The regulative CO peak was found in the monitoring results after medical waste was batched into the chamber. In our study, no obvious CO peak is observed in Fig. 4(a) . Fluctuation in the curve is due to the heterogeneous nature of medical wastes. Therefore, it can be concluded that the novel feeding system alleviate the adverse effects of a batch way.
Heavy metal in flue gas and ash
The concentrations of heavy metals in flue gas and ash are given in Table 6 . The major metals identified in the produced ash are Sn, Ni, Cu, Ba and B. The measured metals in flue gas are all well below the EPA emission limits. But the concentrations of heavy metals in the fly ash obviously exceed the limit values in the toxicity characteristic test. Chinese legislation law [7] prohibited the landfilling of the waste that exceeded the maximum values allowed for total concentrations of heavy metals. The fly ash needs a careful detoxification before their final disposal by landfilling. Mixing ash with cement followed by hardening of the resulting mixture is an attractive option to prevent future pollution in case of stabilization of heavy metals. Mechanism of the processes occurring on immobilization, as well as the assessment of the effectiveness of solidification has been widely studied and discussed in many reports [27, 28] . Sakai et al. [27] observed that under solidification with cement, hydration reaction produced a stable crystalline phases such as tobermorite and jennite, and the formation of these phases was responsible for creating filamentous structures that coated and held the heavy metal particles together. It reduced the rate at which the contaminants could be transported to the environment and made the toxic waste meet the requirement for long-term storage on land. Therefore, it is used for immobilization of heavy metals in ashes in this plant. The strength of hardened cement as well as heavy metal concentrations in leachate will be tested in the future experiments.
PCDD/Fs in stack emission
The concentrations of PCDD/Fs in stack emission are shown in Table 7 . The total PCDD/Fs concentration of this MWI is 3.587 ng/m 3 , showing a larger magnitude than that of municipal solid waste [29] . The reason for larger PCDD/Fs concentrations in the MWI probably could be complex behavior in the thermal disposal process (pyrolysis, gasification and incineration), which may cause de novo formation of PCCD/Fs. Unstable combustion causes more products of incomplete combustion that might be the precursors of PCDD/Fs formation. More polyvinyl chloride (PVC) products may exist in medical wastes and therefore may also serve as PCDD/Fs precursors. Furthermore, it has been reported that higher concentrations of copper, iron and other metals, which are considered as the PCDD/Fs formation catalysts, could increase PCDD/Fs formation [29] . However, the value of total PCDD/Fs concentrations is within the low range for medical waste incineration reported by others [11, 18, 30] . The different technology seems to produce a remarkable effect on the PCDD/Fs. The running results imply that this configuration makes the high temperature combustion occur easily in the SCC. This can be illustrated by the energy balance of the SCC using the following terminologies: total heat energy entering the SCC = q T heat energy translated to the PCC = q 1 heat energy consumed in heating air entering the SCC = q 2 heat energy lost in the outer jacket of the SCC = q 3 heat lost during SCC combustion q L = q 1 + q 2 + q 3 net heat energy change q = q T − q L High temperature in the SCC is maintained by (a) reducing heat loss q 3 in such a way that the coaxial design decreases 40% contact area of the SCC's outer jacket with the environment, and (b) recovery heat from q 1 by the pyrolysis gas flow directly carrying heat to the SCC. Apart from the temperature's impact on PCDD/Fs emissions, resident time is another important parameter in the decomposition of PCDD/Fs in the combustion process. This parameter is ensured by the design of "U"-shape combustion channel in the SCC. Shrilli underlined that temperature, together with residence time and turbulence, was the "3T" important factor for decomposition of PCDD/Fs in the combustion process [31] . The concentrations of homologues found in sample are presented in Table 7 . Highly chlorinated homologues are dominant for PCDDs and the tendency is same for PCDFs. Meanwhile, the sample contains a large portion of higher chlorinated O X CDD/F and H X CDD/F congeners which account for 37-53% of the total PCDD/Fs production. Therefore, the emission of PCDD/Fs from this novel plant can be contributor of the higher chlorinated congeners of PCDD/F. The I-TEQ values of 2,3,7,8-substituted PCDD/Fs are listed in Table 7 . The total toxicity equivalent concentration is 0.093 ng/m 3 I-TEQ. This value is below the upper limit concentration for land application according to GB18598-2001 in which the maximum PCDD/F level is 0.1 ng/m 3 I-TEQ.
Conclusions
The study deals with the detailed investigation about the emissions of a novel MWI. Preheating and shredding medical waste in the middle of the gasifier at 300 • C by the waste feeder were the initial steps before incineration which resulted in the stable combustion process. The incinerator was performed under starved air burning condition, in which the temperature of the gasifier and the SCC was around 700 • C and 1050 • C, respectively. Occurrence of the high temperature combustion in the SCC without adding auxiliary fuel indicated that the novel MWI effectively reduced the heat losses. During the experiment, it was found that the maximum measured level of PM in the inlet of the stack was 32 mg/m 3 ; CO was 63 mg/m 3 ; SO 2 was 9.3 mg/m 3 ; NO X was 91 mg/m 3 ; HCl was 8.7 mg/m 3 ; and HF was 0.72 mg/m 3 . All of these pollutant levels belonged to the acceptable ranges set by Chinese and U.S. EPA, which confirmed that the novel installation effectively treated medical waste and produced stabilized product. The heavy metal in fly ash such as Cd and As still exceeded the limits at the stable running condition, implying that fly ash needed detoxification for its long term storage on land. The evaluation of the heavy metals in flue gas and ash furnished an early approach to the assessment of their environmental impact. The total toxicity equivalent concentration (TEQ) value of PCDD/Fs in stack was 0.093 ng/m 3 , which was below the criteria. The TEQ tests also showed the emission of PCDD/Fs from this novel plant could be contributor of the higher chlorinated congeners of PCDD/Fs.
